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We carry out a first-principles investigation on magnetism, electronic structure, magneto-optical
effects and topological property of newly grown cubic double perovskite Ba2NiOsO6 and its (111)
(Ba2NiOsO6)/(BaTiO3)10 superlattice, based on the density functional theory with the generalized
gradient approximation (GGA) plus onsite Couloumb interactions. Interestingly, we find that both
structures are rare ferromagnetic (FM) semiconductors with estimated Curie temperatures of ∼150
and 70 K, respectively. The calculated near-neighbor exchange coupling parameters reveal that the
ferromagnetism is driven by exotic FM coupling between Ni and Os atoms, which is due to the FM
superexchange interaction caused by the abnormally strong hybridization between the half-filled Ni
eg and unoccupied Os eg orbitals. The strong spin-orbit coupling (SOC) on the Os atom is found to
not only open the semiconducting gap but also produce a large antiparallel orbital magnetic moment
on the Os atom, thus reducing the total magnetization from 4.0 µB/f.u., expected from the Ni
2+
3d8 (t62g e
2
g; S = 1) and Os
6+ 5d2(t22g e
0
g ; S = 1) ions. Remarkably, we also find that because of the
enhanced exchange interaction on the Os atoms caused by the Ni 3d - Os 5d hybridization and the
strong SOC of the Os atoms, the magneto-optical (MO) effects are large in these two structures.
For example, the Kerr and Faraday rotations in bulk Ba2NiOsO6 can be reach 6
◦ and 250 deg/µm,
respectively, which are larger than that of best-known MO materials. These interesting findings thus
suggest that because of their FM semiconductivity and excellent MO properties, both structures
would be promising materials for not only semiconductor-based spintronics but also magneto-optical
devices. Finally, our calculated anomalous Hall conductivity shows that the band gap just below
the Fermi level in the superlattice is topologically nontrivial with the gap Chern number of 2. This
indicates that the (111) Ba2NiOsO6 and related 5d double-perovskite monolayers may provide an
interesting material platform for exploring magnetic topological phases and phase transitions.
I. INTRODUCTION
Double perovskite oxides A2BB
′O6 (A is a rare-
earth/alkaline-earth cation; B and B′ are transition metal
cations), discovered in 1960s [1], have attracted enor-
mous attention in the past decades. They have been
found to show diverse properties, such as large room-
temperature magnetoresistance [2], multiferroicity [3],
half-metallicity [2, 4, 5], and magneto-optic (MO) ef-
fects [6, 7], depending on the compositions of the A,
B, and B′ cations. More recently, monolayers and mul-
tilayers of these double perovskites containing heavy
cations were predicted to host various topological insulat-
ing phases such as quantum anomalous Hall phase [8–11].
Therefore, double perovskite oxides offer ample possibil-
ities for exploration of spin-related physics and also for
magnetic, magneto-electric and MO device applications.
Recently, Feng et al. [12] synthesized new double per-
ovskite Ba2NiOsO6 and found it to be a rare ferromag-
netic (FM) semiconductor with Curie temperature TC
= 100 K [12]. It crystallizes in a cubic Fm3¯m struc-
ture with lattice constant a = 8.0428 A˚, where the Ni2+
∗Electronic address: gyguo@phys.ntu.edu.tw
and Os6+ ions are perfectly ordered on the B and B′
sites, respectively [12]. This is interesting because FM
semiconductors are rare and also useful for the develop-
ment of spintronic devices. Surprisingly, we note that
Ni and Os ions are ferromagnetically coupled, which is
very rare between the B and B′ cations in double per-
ovskite oxides[13, 14]. Furthermore, first-principles elec-
tronic structure calculations [12] showed that the spin-
orbit coupling (SOC) of Os6+ plays a crucial role in open-
ing the semiconducting gap, and thus double perovskite
Ba2NiOsO6 is called a Dirac-Mott insulator. However, it
was inferred from the x-ray absorption spectra (XAS) [12]
that the formal electronic configurations for Ni and Os in
Ba2NiOsO6 are Ni
2+ 3d8(t62g e
2
g; S = 1; 2 µB) and Os
6+
5d2(t22g e
0
g; S = 1; 2 µB), respectively. Consequently, the
total moment should be 4 µB/f.u. for the FM ground
state. However, the measured saturation magnetization
for Ba2NiOsO6 is approximately 3.46 µB/f.u. at 5 K and
50 kOe, much smaller than the spin only magnetic mo-
ment estimated from the simplified ionic model. There-
fore, it would be interesting to study the origin of the
abnormal ferromagnetism as well as the spin and orbital
magnetic moments of Ba2NiOsO6.
When a linearly polarized light beam hits a mag-
netic material, the polarization vector of the reflected
and transmitted light beams rotates. The former and
latter are known as Kerr and Faraday effects, respec-
2tively. Discovered in the 19th Century, they are two
well-known MO effects [15, 16]. Currently, MO Kerr
effect (MOKE) is widely used as a powerful probe
of the electronic and magnetic properties of materi-
als, such as two-dimensional ferromagnetic order [17–19],
spin Hall effect [20], skyrmion Hall effect[21], magnetic
anisotropy [22, 23], and topological insulator [24, 25].
Furthermore, because of its applications in modern
high-density data-storage technology [26], an enormous
amount of effort has been devoted to search for materials
with large MO signals.
Band exchange splitting caused by magnetization to-
gether with relativistic SOC has been recognized as the
origin of MOKE [15, 16, 27–29]. Localized 3d orbitals
tend to have large band exchange splittings. However,
their SOC is weak. However, 4d or 5d transition metal
atoms have a strong SOC. Nonetheless, their intra-atomic
exchange interaction is rather small because of their more
extended d orbitals which result in small band exchange
splittings. Therefore, an effective way to enhance the
MOKE is to make alloys or multilayers of 3d transition
metals with 4d or 5d transition metals[30]. Consequently,
the magneto-optical properties of various 3d FM tran-
sition metal alloys and multilayers with heavier 4d or
5d transition metal atoms have been investigated exten-
sively. For example, PtMnSb [31] has been found to be
an excellent MO metal with a maximum Kerr rotation
of 2.5◦. Double perovskites, A2BB
′O6 (B = 3d and B
′
= 4d or 5d transition metal elements), which can estab-
lish an unusual renormalization of the intra-atomic ex-
change strength to enhance the band exchange splitting
at the 4d or 5d sites arising from the so called hybridiza-
tion driven mechanism [32, 33], is also expected to have
large MOKE. However, the B and B′ atoms in most of
double perovskite materials [4, 13, 14] prefer an antifer-
romagnetic coupling. This may reduce the net magne-
tization and thus results in a small MO effect [7]. As
mentioned above, simultaneous occurrence of ferromag-
netism and semiconducting gap in double perovskites is
very rare. Combination of the strong SOC of Os atoms
and ferromagnetism thus would make Ba2NiOsO6 an ex-
cellent semiconductor for not only semiconductor-based
spintronics but also magneto-optical devices.
The recent development in synthesizing artificial
atomic-scale transition metal oxide heterostructures pro-
vides great tunability over fundamental physical parame-
ters to realize novel properties and functionalities [34, 35],
such as the conductive interface between two insulating
oxides [36–38]. This also stimulates extensive investiga-
tions on the topology of the electronic band structure of
transition metal oxide heterostructures [8, 10, 11, 39–41].
Indeed, the quantum anomalous Hall phase was predicted
to occur in (001) double-perovskite La2MnIrO6 mono-
layer [10] and also (111) double-perovskite La2FeMoO6
and Ba2FeReO6 monolayers [8, 42]. Therefore, it would
also be interesting to study the topological properties
of Dirac-Mott semiconductor Ba2NiOsO6 and its het-
erostructures.
In this paper, we present a systematic first-
principles study of magnetism, electronic structure,
magneto-optical effects and topological property of
cubic double perovskite Ba2NiOsO6 and its (111)
(Ba2NiOsO6)1/(BaTiO3)10 monolayer superlattice.
First, we find that both structures are narrow band gap
FM semiconductors. The ferromagnetism is driven by
the rare nearest-neighbor FM coupling between Ni and
Os atoms, which is attributed to the FM superexchange
mechanism caused by the abnormally strong hybridiza-
tion between the half-filled Ni eg and unoccupied Os
eg orbitals. Second, the strong SOC on the Os atom is
found to not only open the semiconducting gap but also
give rise to a large negative orbital magnetic moment
on the Os atom, thus resulting in a measured total
magnetic moment of less than 4 µB/f.u. [12]. Third,
we also find that because of the enhanced intra-atomic
exchange interaction on the Os atoms caused by the
Ni 3d - Os 5d hybridization and the strong SOC on
the Os site, the MO effects are large in these two
structures. Our theoretical findings thus suggest that
double perovskite Ba2NiOsO6 and its (111) superlattice
are valuable ferromagnetic semiconductors for not only
semiconductor-based spintronics but also magneto-
optical devices. Finally, our calculated anomalous Hall
conductivity reveals that the band gap just below the
Fermi level in the superlattice is topologically nontrivial
with the gap Chern number of 2. This indicates that the
(111) Ba2NiOsO6 monolayer superlattice and related 5d
double-perovskite monolayers may provide an interesting
material platform for exploring magnetic topological
phases and phase transitions.
II. THEORY AND COMPUTATIONAL DETAILS
We consider cubic double perovskite Ba2NiOsO6 [Fig.
1(a)] and its (Ba2NiOsO6)1/(BaTiO3)10 monolayer su-
perlattice grown along the [111] direction [Figs. 1(b) and
1(c)]. The Brillouin Zone (BZs) of bulk Ba2NiOsO6 and
the (111) (Ba2NiOsO6)1/(Ba2TiO3)10 superlattice are
shown in Figs. 1(e) and 1(f), respectively. Clearly, the
latter is the folded BZ of the former along the Γ - L direc-
tion. In the present calculations of the electronic struc-
ture and magneto-optical properties of bulk Ba2NiOsO6,
the experimental lattice constant of 8.0428 A˚ is adopted.
Since the BaTiO3 slab in the (Ba2NiOsO6)1/(BaTiO3)10
superlattice is much thicker than the Ba2NiOsO6 layer,
the BaTiO3 slab could be regarded as the substrate.
Therefore, the in-plane lattice constant is fixed at
√
2a0
= 5.6962 A˚, where a0 is the theoretically determined lat-
tice constant of cubic perovskite BaTiO3. In our struc-
tural optimization, the in-plane hexagonal symmetry is
fixed but lattice constant c and internal coordinates of
all the atoms in the superlattice are optimized theoret-
ically. The lattice parameters and atom positions for
bulk Ba2NiOsO6 and its (111) monolayer superlattice are
given, respectively, in Tables S1 and S2 in the Supple-
3mentary Materials (SM) [43]. The electronic structure
and magnetic structure are calculated based on the den-
sity functional theory (DFT) with the generalized gradi-
ent approximation (GGA) [44]. The accurate projector-
augmented wave (PAW) method [45], as implemented in
the Vienna ab initio simulation package (VASP) [46], is
used. The relativistic PAW potentials are adopted to
include the SOC. The valence configurations of Ba, Ni,
Os, Ti and O atoms adopted in the present calculations
are 5s25p66s2, 3p63d84s2, 5p65d66s2, 3s23p63d24s2 and
2s22p4, respectively. To better account for the on-site
electron correlation on the d shells of Os and Ni atoms,
the GGA + U method [47] is adopted with the effec-
tive Coulomb repulsion energy UOs = 2.0 eV and UNi =
5.0 eV, respectively. The results of test calculations using
different U values of 3 ∼ 5 eV for Ni and 1 ∼ 3 eV for Os,
are given in Appendix A below. A large plane-wave cutoff
of 450 eV and the small total energy convergence criterion
of 10−5 eV are used throughout. Fine Monkhorst-Pack
k -meshes of 30×30×30 and 10×10×2 are used for the
bulk and superlattice calculations, respectively.
To find the ground state magnetic configuration and
to understand the magnetic interactions in both systems,
we consider four possible magnetic structures, as labeled
FM, AFM, FI1, and FI2 in Figs. 2 and 3. One can then
evaluate the nearest-neighbor Ni-Os (J1), Os-Os (J2) and
Ni-Ni (J3) magnetic coupling parameters by mapping the
calculated total energies of the FM, AFM, FI1, and FI2
magnetic configurations to the classical Heisenberg model
H = E0 -
∑
i>jJij(eˆi · eˆj), where Jij is the exchange
coupling parameter between sites i and j, and eˆi denotes
the direction of spin on site i.
For a ferromagnetic solid with at least threefold ro-
tational symmetry (i.e., tetragonal, trigonal, hexagonal
and cubic) and the magnetization along the rotational
z−axis, the optical conductivity tensor can be written
as[48]
σ =

 σxx σxy 0−σxy σyy 0
0 0 σzz

 . (1)
Within linear response Kubo formalism [49], the absorp-
tive parts of the conductivity tensor elements due to in-
terband transitions are given by
σ1aa(ω) =
α
ω
∑
i,j
∫
BZ
dk
(2π)3
|paij |2δ(ǫkj − ǫki − ~ω), (2)
σ2xy(ω) =
α
ω
∑
i,j
∫
BZ
dk
(2π)3
Im[pxijp
y
ji]δ(ǫkj − ǫki − ~ω),
(3)
where summations i and j are over the valence and con-
duction bands, respectively. α = pie
2
~m2 is a material spe-
cific constant, ~ω is the photon energy, and ǫki is the
ith band energy at k point. Dipole matrix elements
paij = 〈kj|pˆa|ki〉 where pˆa denotes Cartesian component a
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FIG. 1: (a) Cubic crystal cell of bulk Ba2NiOsO6. Black
lines indicate the fcc primitive unit cell. (b) Side view
and (c) top view of the crystal structure of the (111)
(Ba2NiOsO6)1/(Ba2TiO3)10 superlattice. In (c), two differ-
ent colors denote the X atoms on the two different planes in
the (111) Ba2NiOsO6 monolayer forming a buckled honey-
comb lattice. (e) The Brillouin Zone of bulk Ba2NiOsO6 and
(f) the BZ of its (111) (Ba2NiOsO6)1/(Ba2TiO3)10 superlat-
tice, with the basis vectors ~b1, ~b2 and ~b3 of the reciprocal
lattices as well as some high-symmetry points labeled.
of the dipole operator, are obtained from the band struc-
tures within the PAW formalism[50], as implemented in
the VASP package. The integration over the BZ is car-
ried out by using the linear tetrahedron method (see Ref.
[51] and references therein). The dispersive parts of the
conductivity tensor elements can be obtained from the
corresponding absorptive parts by use of the Kramer-
Kronig transformation [52],
σ2aa(ω) = −2ω
π
P
∫ ∞
0
σ1aa(ω
′)
ω′2 − ω2 dω
′, (4)
4FM  AFM
FI1 FI2
J1 J2J3
FIG. 2: (a) Ferromagnetic (FM), (b) antiferromagnetic
(AFM), (c) type I ferrimagnetic (FI1) and (d) type II fer-
rimagnetic (FI2) configurations in bulk Ba2NiOsO6.
FM  AFM
FI1 FI2
J1
J2
J3
FIG. 3: (a) Ferromagnetic (FM), (b) antiferromagnetic
(AFM), (c) type I ferrimagnetic (FI1) and (d) type
II ferrimagnetic (FI2) configurations in (111) monolayer
Ba2NiOsO6.
σ1xy(ω) =
2
π
P
∫ ∞
0
ω′σ2xy(ω
′)
ω′2 − ω2 dω
′, (5)
where P denotes the principal integral.
In the polar geometry, the complex Kerr angle can then
be calculated from the optical conductivity tensor via [53,
54],
θK + iεK =
−σxy
σxx
√
1 + i(4π/ω)σxx
, (6)
which θK is the Kerr rotation angle and εK the Kerr
ellipticity. For a magnetic thin film, the complex Faraday
rotation angle can be written as [? ],
θF + iǫF =
ωd
2c
(n+ − n−), (7)
where n+ and n− represent the refractive indices for
left- and right-handed polarized lights, respectively, and
are related to the corresponding dielectric function (or
optical conductivity via expressions n2± = ε± = 1 +
4pii
ω σ± = 1 +
4pii
ω (σxx ± iσxy). For many magnetic ma-
terials, the σxx is generally much larger than the corre-
sponding σxy. Therefore, n± = [1 +
4pii
ω (σxx ± iσxy)]1/2
≈ [1+ 4piiω σxx]1/2∓ 2piω (σxy/
√
1 + 4piiω σxx). Consequently,
θF + iǫF ≈ −2πd
c
σxy√
1 + 4piiω σxx
. (8)
The anomalous Hall conductivity (AHC) is calculated
based on the Berry-phase formalism [56]. Within this
Berry-phase formalism, the AHC (σAij = J
c
i /Ej) is given
as a BZ integration of the Berry curvature for all the
occupied (valence) bands,
σAxy = −
e2
~
∑
n∈V B
∫
BZ
dk
(2π)3
Ωnxy(k),
Ωnxy(k) = −
∑
n′ 6=n
2Im[pxijp
y
ji]
(ǫkn − ǫkn′)2 , (9)
where Ωnij(k) is the Berry curvature for the nth band at
k. Jci is the i component of the charge current density J
c
and Ej is the j-component of the electric field E. Note
that the AHC is nothing but σ1xy(ω) in the dc limit, i.e.,
σAxy = σ1xy(ω = 0). From the Kramers-Kronig relations,
we can obtain a sum rule for σ1xy(ω = 0),
σ1xy(ω = 0) =
2
π
P
∫ ∞
0
σ2xy(ω
′)
ω′
dω′. (10)
Putting Eq.(3) into this sum rule would result in Eq. (9).
Since a large number of k points are needed to get ac-
curate AHCs, we use the efficient Wannier interpolation
method [57, 58] based on maximally localized Wannier
functions (MLWFs) [59]. Since the energy bands around
the Fermi level are dominated by Os t2g orbitals, 6 ML-
WFs per unit cell of Os t2g orbitals are constructed by
fitting to the GGA+U+SOC band structure in the en-
ergy window from -0.69 eV to 2.51 eV for the bulk, and
from -0.54 eV to 1.66 eV for the monolayer. The band
structure obtained by the Wannier interpolation agrees
well with that from the GGA+U+SOC calculation. The
AHC (σAxy) was then evaluated by taking a very dense
k-point mesh of 200 ×200 × 200 and 200 ×200 × 1 in
the BZ for bulk Ba2NiOsO6 and its (111) monolayer, re-
spectively.
5TABLE I: The properties of bulk and (111) monolayer
Ba2NiOsO6 from the GGA+U calculations. EFM , EAFM ,
EFI1, and EFI2 denote the total energies of the FM, AFM,
FI1, and FI2 configurations, respectively (see Figs. 2 and
3). J1 (dNi−Os), J2 (dOs−Os), and J3 (dNi−Ni) represent the
nearest Ni-Os, Os-Os, and Ni-Ni exchange coupling parame-
ters (interatomic distances), respectively. Tc is the magnetic
ordering temperature.
Bulk (111) monolayer
EFM (meV/f.u.) 0 0
EAFM (meV/f.u.) 77.80 35.57
EFI1 (meV/f.u.) 61.89 6.635
EFI2 (meV/f.u.) 38.20 17.57
dNi−Os (A˚) 4.021 4.103
dOs−Os (A˚) 5.687 5.696
dNi−Ni (A˚) 5.687 5.696
J1 (meV) 6.48 5.928
J2 (meV) 2.87 -2.787
J3 (meV) -0.09 -0.054
Tc (K) ∼150 (∼ 100a) ∼69
aExperimental value from Ref. [12].
III. RESULTS AND DISCUSSION
A. Magnetic properties
We study four magnetic configurations in both bulk
Ba2NiOsO6 and its (111) monolayer, as illustrated in
Figs. 2 and 3, respectively. The calculated total ener-
gies of these magnetic configurations are listed in Table
I. It is clear that in both structures the FM configura-
tion is the ground state. Therefore, we list in Table II
the calculated magnetic moments and band gap of only
the FM state. Table II shows that in bulk Ba2NiOsO6,
both Ni and Os atoms have large spin magnetic moments,
being 1.78 µB and 1.22 µB, respectively. Nevertheless,
because of the hybridization among O p, Os d, and Ni d
orbitals, these spin magnetic moments fall short of 2.0 µB
expected from Ni2+ 3d8 (t62g e
2
g; S = 1) and Os
6+ 5d2(t22g
e0g; S = 1) ions. Interestingly, both Ni and especially
Os atoms have significant orbital magnetic moments, be-
ing 0.21 µB and -0.55 µB, respectively. Hund’s second
rule states that the spin and orbital moments would be
antiparallel if the d shell is less than half-filled, and other-
wise they would be parallel. In consistence with Hund’s
second rule, the Ni orbital moment is parallel to the Ni
spin moment while the Os orbital moment is antiparal-
lel to the Os spin moment. Consequently, because of
the large negative Os orbital moment, the total mag-
netic moment is 3.37 µB/f.u. in bulk Ba2NiOsO6. This
theoretical value agrees rather well with the total mag-
netic moment of 3.46 µB/f.u. deduced from the magnetic
susceptibility experiment [12]. The calculated magnetic
moments for the (111) Ba2NiOsO6 monolayer are similar
to that of bulk Ba2NiOsO6 (see Table II).
As mentioned before, using the calculated total ener-
gies for the four magnetic configurations, we evaluate the
exchange coupling parameters between magnetic atoms.
TABLE II: Spin (ms) and orbital (mo) magnetic moments as
well as band gap (Eg) of ferromagnetic Ba2NiOsO6 and its
(111) monolayer from the GGA+U+SOC calculations. The
magnetization is along the c-axis.
Bulk (111) monolayer
mOss (µB/atom) 1.22 1.22
mOso (µB/atom) -0.55 -0.50
mNis (µB/atom) 1.78 1.75
mNio (µB/atom) 0.21 0.21
mOs (µB/f.u.) 0.61 0.61
mOo (µB/f.u.) -0.08 -0.14
mOst (µB/atom) 0.67 (0.97
a) 0.72
mNit (µB/atom) 1.99 (2.13
a) 1.96
mtott (µB/f.u.) 3.37 (3.46
a) 3.78
Eg (eV) 0.22 (0.31
a) 0.37
aExperimental values from Ref. [12].
The obtained nearest neighbor Ni-Os (J1), Os-Os (J2),
and Ni-Ni (J3) exchange coupling parameters together
with their distances are listed in Table I. Interestingly,
in both systems the magnetic interaction between B (Ni)
and B′ (Os) is ferromagnetic and is rather strong. This
FM coupling between B and B′ cations is very rare in
double perovskite oxides [4, 14]. This explains why the
FM state is the ground state, quite unlike many other
double perovskite oxides in which the AFM is often fa-
vored [4, 14]. The second near neighbor Os-Os exchange
coupling (J2) is, however, AFM in the monolayer, al-
though it is still FM in the bulk (Table I). Furthermore,
the second near neighbor Ni-Ni magnetic coupling (J3)
is much smaller than J1. The smallness of J3 could
be attributed to the much localized Ni 3d orbitals in
comparison with that of Os 5d orbitals. Note that we
also perform the total energy calculations for the (111)
Ba2NiOsO6 monolayer superlattice in the zigzag-AFM
and stripy-AFM configurations (see Figs. 2(c) and 2(d)
in Ref. [41]) to estimate the next-nearest neighbor Ni-Os
coupling parameter (JNNNi−Os). We obtain a small J
NN
Ni−Os
value of 0.12 meV. This is much smaller than the near-
est neigbor Ni-Os exchange coupling parameter (see J1
in Table I), and thus the JNNNi−Os values are not listed in
Table I.
Based on the calculated J1 values, we could estimate
magnetic ordering temperature (Tc) within a mean-field
approximation given by kBTc =
1
3
zJ1 where z is the num-
ber of Ni-Os pairs for either Ni or Os atom. Table I shows
that such estimated Tc of 150 K for the bulk agrees quite
well with the experimental value of 100 K [12]. The esti-
mated Tc of 69 K for the monolayer is smaller than that
of the bulk. This could be expected because of the num-
ber of nearest Ni-Os exchange couplings decreases from
six in the bulk to three in the monolayer.
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FIG. 4: (a, c) Relativistic band structure and (b, d) anoma-
lous Hall conductivity (σAxy) of bulk Ba2NiOsO6 (upper pan-
els) and its (111) monolayer (lower panels). The FM mag-
netization is along the c axis. The zero of energy is placed
at the top of valence bands. In (c), only the Ba2NiOsO6
monolayer-dominated bands are displayed (see the maintext).
The symmetry of band states at the Γ point are labeled ac-
cording to the irreducible representations listed in Tables IV
and V in Appendix C. The principal inter-band transitions
and the corresponding peaks in the σxy in Figs. 8(c) and 9(c)
are indicated by pink and green arrows.
B. Electronic structure
Now let us examine the FM electronic structure of bulk
Ba2NiOsO6 and its (111) (Ba2NiOsO6)1/(BaTiO3)10
monolayer superlattice, which is needed for the follow-
ing discussion of the optical conductivity tensor and the
magneto-optical effects. The calculated fully relativis-
tic and scalar-relativistic band structures are plotted in
Figs. 4 and 5, respectively. For clarity and ease of com-
parison with bulk, we only show the main contributions
from monolayer Ba2NiOsO6 for (111) superlattice. Fur-
thermore, the calculated atom- and orbital-decomposed
densities of states (DOSs) for both structures are dis-
played in Fig. 6. Figure 4 shows that both structures are
a semiconductor with a small indirect band gap (Table
II). Figure 6 indicates that the band gap falls within the
spin-up Os 5d t2g dominant bands. In bulk Ba2NiOsO6,
the calculated band gap of 0.22 eV is comparable to
the experimental one of ∼ 0.31 eV [12]. Interestingly,
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FIG. 5: Scalar-relativistic band structures of bulk Ba2NiOsO6
(a) and its (111) monolayer (b). The zero of energy is placed
at the top of valence bands. In panel (b), only the Ba2NiOsO6
monolayer dominated bands are displayed (see the maintext).
The symmetry of band states at the Γ point are labeled ac-
cording to the irreducible representations listed in Tables IV
and V in Appendix C. The principal inter-band transitions
and the corresponding peaks in the σ1xx(zz) in Figs. 7(a) and
7(c) are indicated by pink arrows.
the scalar-relativistic band structures of bulk Ba2NiOsO6
and its (111) monolayer are a metal and a semi-metal
(Fig. 5), respectively. When the SOC is included, the
t2g (equivalent to l = 1) states split into doubly de-
generate (j = 3/2) occupied state and nondegenerate
(j = 1/2) unoccupied state (Fig. 6). This confirms that
the SOC plays an essential role in the semiconducting
gap-opening, and thus Ba2NiOsO6 is known as a very
rare FM Dirac-Mott insulator [12].
Generally speaking, the DOS of the bulk and the (111)
monolayer are rather similar (see Fig. 6). The energy
bands near Fermi level are predominantly of the Os 5d
orbitals. The Os 5d and Ni 3d bands appear in the energy
regions of -7.8∼-3.6 eV and -0.8∼2.4 eV with significant
inter-orbital mixing as well as some small admixture of
O 2p states, while the O 2p bands are mainly located be-
tween them. Consequently, because of the strong Ni 3d
- Os 5d hybridization through the O 2p orbital, the Os
5d states are split into bonding and anti-bonding states.
The bonding bands occur in the energy range from -6.8
eV to -4.8 eV, while the anti-bonding ones are located in
the region from -0.8 to 1.6 eV in the vicinity of the Fermi
level. However, compared with the bulk band structure,
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FIG. 6: Os 5d, O, and Ni 3d partial densities of states (DOS)
of bulk Ba2NiOsO6 (a) and its (111) monolayer (b). The zero
of energy is placed at the top of valence bands.
although the bandwidths of the 6 Os 5d t2g-dominated
bands near the Fermi level in the monolayer are only
slightly reduced, the bandwidths of the lower valence
bands and upper conduction bands further away from
the Fermi level become noticeably narrowed (see Figs. 4
and 5), due to the reduced number of neighboring Os
atoms in the monolayer. Significantly, there are bands
crossings at K points, forming the so-called Dirac nodal
points in (111) monolayer; In contrast, these band cross-
ings do not occur at the corresponding W point in bulk
Ba2NiOsO6 (Fig. 5). This difference would result in con-
trasting topological properties of the two systems, as will
be discussed in Sec. III E below.
In the cubic double perovskite structure, the crystal
field at the transition metal atoms, which sit at the cen-
ters of the oxygen octahedrons and occupy the perovskite
B sites alternatively, should split the d states into two up-
per energy levels eg(3z
2 − 1, x2 − y2) and three bottom
energy levels t2g(xy, yz, and xz). However, the electronic
structure of Ni 3d in the cubic Ba2NiOsO6 do not follow
the theory of crystal field. In Fig. 5(a), it is clearly that
Ni eg states lies lower than Ni t2g states in the up-spin
channel. Additionally, the exchange splitting energy be-
tween the up-spin and down-spin 3d eg electrons on the
Ni atom is about 9.7 eV, much larger than that of Ni 3d
t2g bands of ∼ 1.0 eV. This is because that eg orbitals
with the wave function directly pointing to that of O
2p orbitals have much stronger hybridization with O 2p
states than that of t2g bands, which causes the bonding
occupied eg states shift to the lower energy level and the
anti-bonding unoccupied eg ones move toward the higher
energy direction. Moreover, it is interesting to find that
the exchange splitting of Os 5d (up to ∼ 1.2 eV) states
is large, being comparable to the Ni 3d band exchange
splitting, which is due to the unusual renormalization of
the intra-atomic exchange strength at the Os sites aris-
ing from the Os-Ni interaction, similar to the case of
Sr2FeMoO6 [32].
Two different mechanisms of magnetism in double per-
ovskite oxides have been proposed in the earlier litera-
tures. One is the hybridization-driven mechanism [33]
which leads to a negative spin polarization at the 4d
or 5d site, that is, the intrinsic spin splitting at the 3d
site and an induced spin splitting at the 4d or 5d site
which is oppositely aligned. However, in Ba2NiOsO6,
the Os 5d and Ni 3d states is ferromagnetic rather than
anti-ferromagnetic coupling. Thus, the hybridization-
driven mechanism is not the origin of the magnetic cou-
pling between Ni 3d ions and Os 5d ions in Ba2NiOsO6.
The other is the well-known superexchange mechanism
based on Goodenough-Kanamori (G-K) rules [60]. In
Ba2NiOsO6, Ni t2g orbitals are completely filled, and
this rules out Os t2g- Ni t2g interaction. Although Ni
eg orbitals are half-filled and Os t2g orbitals are partially
filled, they are orthogonal and thus do not contribute to
the magnetic exchange. The remaining superexchange
interaction is between half-filled Ni eg and empty Os eg
orbitals, which should lead to the ferromagnetic coupling.
Generally speaking, being a 5d transition metal, Os has
a large t2g-eg crystal-field splitting, thus driving the eg
states out of the FM coupling picture in such systems as
Sr2NiOsO6 and Ca2NiOsO6. Nevertheless, Ni eg and Os
eg orbitals could hybridize strongly, as shown clearly in
Fig. 6. It is this interaction between the Ni eg and Os eg
orbitals that leads to the strong ferromagnetic coupling
between the Ni and Os ions in Ba2NiOsO6.
C. Optical conductivity
We calculate the optical conductivity tensors of bulk
Ba2NiOsO6 and its (111) monolayer. The diagonal ele-
ments σxx (for in-plane electric field polarization E ⊥ c)
and σzz (for out-of-plane electric field polarization E ‖ c)
of the optical conductivity are displayed in Fig. 7 for both
systems. Overall, the calculated spectra of the diagonal
elements for the different electric field polarizations in
bulk Ba2NiOsO6 are very similar, i.e., this material is op-
tically isotropic. In particular, they have several identical
peaks. Taking the σ1xx and σ1zz spectra as an example,
there are a small peak around 0.7 eV, a prominent twin
peak centered at 3.0 and 3.5 eV, and a broad valley from
5.6 to 8.4 eV. This optical isotropy could be expected
from such highly symmetric crystals as cubic double per-
ovskites. However, for the (111) superlattic, surprisingly,
σ1xx and σ1zz are also similar. The reduced symmetry
in the superlattice causes only small differences. For ex-
ample, the prominant B3 peak at ∼4.2 eV in the σ1xx
spectrum is only slightly higher than that in the σ1zz
spectrum [see Fig. 7(c)] due to the reduced crystal sym-
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(111)(Ba2NiOsO6)1/(BaTiO3)10 monolayer superlattice (c,
d).
metry. Nevertheless, compared with bulk case, although
the spectral lines of (111) superlattice are similar at low
frequency region, the peaks in high energy, such as B3
peak, are noticeably higher and narrower. This can be
attributed to the noticeably narrowed bandwidths of the
energy bands further away from the Fermi level [see Fig.
5(b)], as mentioned in the preceding subsection.
The real (σ1xy) and imaginary (σ2xy) parts of the off-
diagonal element of the optical conductivity for bulk
Ba2NiOsO6 are shown in Figs. 8(a) and 8(c), respec-
tively. These spectra exhibit pronounced oscillatory
peaks. Notably, a large positive peak appears at ∼ 3.2
eV in σ1xy, and that in σ2xy emerges near 2.0 and 3.5
eV. They also have a pronounced negative peak at ∼
2.5 eV in σ1xy and ∼ 2.9 eV in σ2xy. Positive (nega-
tive) σ2xy suggests that the inter-band transitions are
dominated by the excitations due to the left-circularly
(right-circularly) polarized light. For example, the neg-
ative value in σ2xy around 2.9 eV suggests that inter-
band transitions induced by right-circularly polarized
light should be stronger. However, the peaks near 2.0
and 3.5 eV indicate the dominance of inter-band transi-
tions due to left-circularly polarized light.
Broadly speaking, the σ1xy and σ2xy for the (111)
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FIG. 8: (a) Real part (σ1xy) and (c) imaginary part (σ2xy) of
the off-diagonal element of the optical conductivity tensor as
well as (b) Kerr rotation angle (θK) and (d) Kerr ellipticity
(εK) of bulk Ba2NiOsO6.
Ba2NiOsO6 monolayer, shown in Figs. 9(a) and 9(c),
respectively, are similar to that of the bulk spectra, and
the positive peak positions such as 3.2 eV in σ1xy, ∼
2.0 and 3.5 eV in σ2xy, remain unchanged. Nevertheless,
differences exist for the negative peak positions. For ex-
ample, negative peaks appear at ∼ 2.2 and ∼ 4.1 eV in
σ1xy, and at ∼ 2.7 and ∼ 4.3 eV in σ2xy, respectively.
As Eqs. (2) and (3) suggest, the absorptive parts of
the optical conductivity elements, i.e., σ1xx and σ2xy, are
directly related to the dipole-allowed inter-band transi-
tions. This would allow us to understand the origins of
the main peaks in the σ1xx and σ2xy spectra by determin-
ing the symmetries of the calculated band states and the
dipole selection rules. The symmetries of band states at
the Γ-point of the scalar-relativistic and relativistic band
structures of bulk Ba2NiOsO6 and its (111) monolayer
are displayed in Figs. 4 and 5. Using the dipole selection
rules (see Tables VI and VII in Appendix C), we could
assign the main peaks in the σ1xx in Fig. 7(a) and 7(c)
and the σ2xy in Fig. 8(c) and Fig. 9(c) to the inter-band
transitions at the Γ point displayed in Figs. 4 and 5 for
the two systems. Taking bulk Ba2NiOsO6 as an exam-
ple, we could relate the A3 peak at ∼ 3 eV in the σ1xx
[see Fig. 7(a)] to the inter-band transition mainly from
the Γ−4 or Γ
−
5 state of the down-spin valence band to the
conduction band state Γ+5 or Γ
+
3 . Of course, in addition
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FIG. 9: (a) Real part (σ1xy) and (c) imaginary part (σ2xy)
of the off-diagonal element of the optical conductivity tensor
as well as (b) Kerr rotation angle (θK) and (d) Kerr elliptic-
ity (εK) of the (111) (Ba2NiOsO6)1/(BaTiO3)10 monolayer
superlattice.
to this, there may be contributions from different inter-
band transitions at other k points. Note that without
SOC, these band states are doubly degenerate. When
the SOC is included, these band states split [see Fig.
4(a)], and this results in the magnetic circular dichroism.
Therefore, we could assign the main peaks in the σ2xy to
the principal inter-band transitions at the Γ-point only
in the relativistic band structure, e.g., displayed in Fig.
4(a). In particular, we could attribute the pronounced
peak N3 at ∼ 3.0 eV in the σ2xy in Fig. 8(c) to the
inter-band transition from the Γ−5 , Γ
−
6 , Γ
−
7 or Γ
−
8 states
of valence band to the bottom conduction band state Γ+5
or Γ+8 shown in Fig. 4(a).
D. Magneto-optical Kerr and Faraday effects
After examining the electronic, magnetic, and optical
properties of bulk Ba2NiOsO6 and its (111) monolayer,
let us now turn our attention to their magneto-optical
Kerr and Faraday effects. The calculated complex Kerr
rotation angles of bulk and (111) monolayer Ba2NiOsO6
are displayed in Figs. 8 and 9, respectively. For bulk
Ba2NiOsO6, the Kerr rotation angle is remarkably large,
reaching up to -1.5◦ at ∼ 0.8 eV, 1.5◦ at ∼ 2.3 eV and
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FIG. 10: (a, c) Faraday rotations (θF ) and (b, d) Faraday
ellipticities (εF ) of bulk Ba2NiOsO6 (upper two panels) and
its (111) monolayer (lower two panels).
-6◦ at ∼ 3.2 eV. These large values imply that the large
MOKE exists in bulk Ba2NiOsO6. As discussed already
in Sec. I, this large MOKE stems from the combined ef-
fect of the enhanced band exchange splitting of the Os
5d t2g orbitals caused by the significant Ni 3d - Os 5d
hybridization and the strong SOC of the Os atoms [30].
The shape of the Kerr rotation spectrum for the (111)
superlattice, shown in Fig. 9, is similar to that of bulk
Ba2NiOsO6. The notable difference between the two
systems is the amplitude of the prominent peaks. The
Kerr rotation angles get reduced in the (111) superlat-
ice, mainly because of the fact that the (111) Ba2NiOsO6
monolayer has a smaller density of the magneto-optically
active atoms especially Os atoms than that of the bulk.
Now let us compare the MOKE of the two systems with
that of well-known MO materials. The Kerr rotation an-
gles of most 3d transition metals and their compounds
seldom exceed 0.5◦ except, e.g., FePt, Co2Pt [30], and
PtMnSb [31]. Manganese pnictides generally have excel-
lent MO properties. In particular, MnBi films possess a
large Kerr rotation angle of 2.3◦ at 1.84 eV in low tem-
peratures [55, 61]. The famous MO material Y3Fe5O12
harbors a Kerr rotation of 0.23◦ at 2.95 eV. Owing to the
strong SOC of 4d and 5d transition metal elements, the
large MOKE has also been observed in half-metallic dou-
ble perovskites containing 4d and 5d elements. Among
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these double perovskites, Sr2FeWO6 exhibits a maximum
Kerr rotation of 3.87◦ [6]. On the whole, the Kerr rota-
tion angles of bulk Ba2NiOsO6 and its (111) monolayer
are at least comparable to these well-known MO materi-
als.
Figures 8 and 9 show that the Kerr rotation (θK) and
Kerr ellipticity (εK) spectra in both structures resem-
ble, respectively, the real part (σ1xy) and imaginary part
(σ2xy) of the off-diagonal conductivity element except
a reversal of sign. This is not surprising because the
Kerr effect and the off-diagonal conductivity element are
connected via Eq. (6). Indeed, Eq. (6) indicates that
the complex Kerr rotation angle would be linearly re-
lated to the σxy if the longitudinal conductivity (σxx)
varies smoothly. For the photon energy below 1.0 eV, the
complex Kerr rotation angles become unphysically large.
This is because the σxx which is in the denominator of
Eq. (6), becomes very small.
The calculated complex Faraday rotation angles for
both bulk and (111) monolayer Ba2NiOsO6 are displayed
in Fig. 10. The Faraday rotation spectra are rather
similar to the corresponding Kerr rotation spectra as
well as the σxy (see Figs. 8 and 9). Figures 7-9 show
that the σxx is generally much larger than the corre-
sponding σxy. Therefore, n± = [1 +
4pii
ω (σxx ± iσxy)]1/2
≈ [1+ 4piiω σxx]1/2∓ 2piω (σxy/
√
1 + 4piiω σxx). Consequently,
θF + iǫF ≈ − 2pidc (σxy/
√
1 + 4piiω σxx), and this explains
why the complex Faraday rotation more or less follows
σxy (see Figs. 8, 9, and 10).
Remarkably, the maximum Faraday rotation angles
are as large as ∼−250 deg/µm at ∼ 3.3 eV in bulk
Ba2NiOsO6 [see Fig. 10(a)] and ∼160 deg/µm at ∼
4.1 eV in the monolayer [see Fig. 10(c)]. As men-
tioned above, manganese pnictides usually have excel-
lent MO properties, and among them MnBi films pos-
sess the largest Faraday rotations of ∼ 80.0 deg/µm at
1.77 eV at low temperatures [55, 61]. However, the fa-
mous MO material Y3Fe5O12 possess only a moderate
Faraday rotation of 0.19 deg/µm at 2.07 eV. By sub-
stituting Y with Bi, Vertruyen et al. obtained an en-
hanced Faraday rotation of ∼ 35.0 deg/µm at 2.76 eV in
Bi3Fe5O12 [62]. Also as mentioned above, large magneto-
optical effects are observed in some half-metallic double
perovskites containing 4d and 5d transition metals. For
example, Sr2FeWO6 possess a large Faraday rotation of
45.0 deg/µm [6]. Clearly, the Faraday rotation angles for
both bulk Ba2NiOsO6 and its (111) monolayer are larger
than these well-known MO materials. Therefore, because
of their excellent MO properties, these Ba2NiOsO6 ma-
terials could find promising applications for, e.g., MO
sensors and high density MO data-storage devices.
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E. Anomalous Hall conductivity and topological
phases
As mentioned before, bulk Ba2NiOsO6 and its (111)
superlattice are found to be FM semiconductors when
the SOC is included. We thus could expect that the band
gap would be topologically nontrivial and they could be
Chern insulators. To verify the topological nature of this
insulating gap, we calculate the anomalous Hall conduc-
tivity (AHC) (σAxy) for the two structures. For a three-
dimensional (3D) quantum Hall insulator, σAxy = n e
2/hc,
where c is the lattice constant along the c axis normal to
the plane of longitudinal and Hall currents and n is an
integer known as the Chern number (nC) [63, 64]. For a
normal FM insulator, however, σAxy = 0. The calculated
AHC of bulk Ba2NiOsO6 and its (111) superlattice are
displayed in Figs. 4(b) and 4(d), respectively. Unfortu-
nately, σAxy is zero within the band gap in both systems,
that is, the gaps are topologically trivial and they are
just normal FM insulators.
Here our design principle for engineering topological
insulators is to find a material with its scalar-relativistic
band structure that possesses Dirac points in the BZ, and
then examine whether an energy gap would be opened at
these Dirac points when the SOC is turned-on. For bulk
Ba2NiOsO6, an ideal cubic perovskite structure, the Ni
and Os ions sit on a simple cubic lattice with the Ni
3d or Os 5d orbitals being split into twofold degener-
ate eg and threefold degenerate t2g levels by the octahe-
dral crystal-field. However, such a lattice geometry usu-
ally does not support Dirac points, as one can see from
the calculated scalar-relativistic band structure in Fig.
5(a). This explains that bulk Ba2NiOsO6 remains topo-
logically trivial when the SOC is switched-on. Recently,
Xiao et al. discovered [39] that in a metallic (111) ABO3
perovskite bilayer, in which TM B ions form a buckled
honeycomb lattice [see, e.g., Fig. 1(c)], the TM B eg and
t2g bands would form Dirac points at the K point in the
BZ. As a result, when the SOC is switched-on, a topolog-
ically nontrivial energy gap would be opened at the Dirac
points and hence the system would be a topological insu-
lator. Indeed, it has been subsequently demonstrated by
many researchers (see, e.g., Refs. [40–42] and references
therein) that the topological phase can be achieved in ei-
ther a (111) simple perovskite bilayer or a (111) double-
perovskite monolayer. In the (111) Ba2NiOsO6 mono-
layer, Ni and Os ions form a honeycomb lattice [see, e.g.,
Fig. 1(c)], and thus Dirac points appear at the K point
below the Fermi level [Fig. 5(b)]. Therefore, when the
SOC is turned-on, the energy gap opened at the Dirac
point is topologically nontrivial [see Fig. 4(b)]. Neverthe-
less, we have also calculated the relativistic band struc-
ture for the (001) Ba2NiOsO6 monolayer. As expected,
the (001) monolayer is a topologically trivial metal.
Interestingly, the calculated σAxy in (111) Ba2NiOsO6
superlattice is 2.0 e2/hc within the band gap opened at
these Dirac points with the SOC turned on [Fig. 4(d)],
i.e., the band gap is topologically nontrivial. Therefore,
within the rigid band model, one may speculate that
the quantum anomalous Hall phase would appear in the
(111) Ba2NiOsO6 superlattice when doped with one hole.
There are several ways of hole doping such as chemical
substitution [65] and electrostatic gating [66, 67]. Here
we explore both the chemical substitution and electro-
static gating. Specifically, we first consider three kinds
of chemical substitutions, namely, replacing one Ba2+ ion
with an alkali metal (X = Li,Na,K) atom as BaXNiOsO6,
replacing the Ni2+ ion with a transition metal (Y = Sc,
Mn, Co, Cu, Ru) atom as Ba2YOsO6, and also substi-
tution of Re6+ for Os6+. Unfortunately, the resultant
band structures for the second kind of substitutions are
all metallic. For the first and third kinds of substitutions,
the resultant compounds are semiconductors. Nonethe-
less, the semiconducting gaps are all topologically trivial,
i.e., σAxy is zero within the band gap. As an example,
we display the calculated scalar-relativistic and relativis-
tic band structures as well as AHC (σAxy) of the (111)
Ba2NiReO6 superlattice in Fig. 11. Figure 11(d) shows
clearly that the σAxy of the Ba2NiReO6 superlattice is
zero within the semiconducting gap. We note that the
intersection at the K point near the Fermi level does not
exist even without the SOC [Fig. 11 (b)]. This may ex-
plain why the (111) Ba2NiReO6 superlattice is topologi-
cally trivial. We also simulate the hole doping by electro-
static gating. Here, we perform self-consistent electronic
structure calculations with one less valence electron per
f.u. Unfortunately, the resultant band structure becomes
metallic, indicating that the rigid band model is inappli-
cable here because of too strong perturbation due to the
hole doping.
IV. CONCLUSIONS
In conclusion, by performing systematic first-principles
density functional calculations, we have investigated
magnetism, electronic structure, magneto-optical effects
and topological property of cubic double perovskite
Ba2NiOsO6 and its (111) (Ba2NiOsO6)1/(BaTiO3)10
monolayer superlattice. Interestingly, we find that both
structures are rare FM semiconductors, and the ferro-
magnetism is driven by strong FM coupling between
neighboring Ni and Os atoms, which in turn arises from
the FM superexchange mechanism due to the abnormally
strong hybridization between half-filled Ni eg and unoc-
cupied Os eg orbitals. The strong SOC on the Os atom
not only opens the semiconducting gap but also results
in a large negative orbital magnetic moment on the Os
atom, thus leading to a total magnetic moment (3.37
µB/f.u.) of less than 4.0 µB/f.u. [12], expected from the
Ni2+ 3d8 (t62g e
2
g; S = 1) and Os
6+ 5d2(t22g e
0
g; S = 1) ions.
We also find that because of the enhanced effective intra-
atomic exchange splitting of the Os atoms caused by the
Ni 3d - Os 5d hybridization and the strong SOC on the
Os sites, Ba2NiOsO6 exhibits large MO effects. In par-
ticular, the Kerr and Faraday rotations can be as large as
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TABLE III: Calculated total and atomic spin (ms) and orbital (mo) magnetic moments as well as band gap (Eg) of bulk
Ba2NiOsO6 as a function of effective on-site Coulomb repulsions UOs and UNi in the GGA + U + SOC method.
UOs UNi m
Os
s m
Ni
s m
O
s m
Os
o m
Ni
o m
O
o m
tot
s m
tot
o Eg
(eV) (eV) (µB/atom) (µB/atom) (µB/f.u.) (µB/atom) (µB/atom) (µB/f.u.) (µB/f.u.) (µB/f.u.) (eV)
1 3 1.155 1.712 0.681 -0.505 0.195 -0.079 3.738 -0.368 0.0
1 4 1.150 1.746 0.650 -0.505 0.205 -0.079 3.732 -0.359 0.0
1 5 1.142 1.779 0.621 -0.505 0.217 -0.078 3.725 -0.346 0.0
2 3 1.232 1.710 0.672 -0.547 0.196 -0.085 3.771 -0.413 0.2
2 4 1.229 1.744 0.642 -0.549 0.205 -0.084 3.768 -0.405 0.2
2 5 1.224 1.777 0.614 -0.550 0.211 -0.083 3.764 -0.399 0.2
3 3 1.314 1.708 0.655 -0.570 0.197 -0.086 3.793 -0.435 0.4
3 4 1.312 1.743 0.624 -0.571 0.206 -0.085 3.791 -0.427 0.4
3 5 1.308 1.776 0.597 -0.572 0.216 -0.084 3.789 -0.416 0.4
6◦ and 250 deg/µm, respectively, which are much larger
than that of best-known MO materials. For the (111)
(Ba2NiOsO6)1/(BaTiO3)10 superlattice, a large Kerr ro-
tation of ∼ 2◦ and a large Faraday rotation of about 160
deg/µm is also predicted, although they are smaller than
that bulk Ba2NiOsO6, mainly due to the reduced density
of magneto-optically active atoms especially Os atoms
in the superlattice. These theoretical findings there-
fore suggest that cubic double perovskite Ba2NiOsO6
and its (111) superlattice are excellent materials for not
only semiconductor-based spintronics but also magneto-
optical devices. Finally, the calculated AHC reveals that
the band gap just below the Fermi level in the mono-
layer superlattice is topologically nontrivial with the gap
Chern number of 2 although both structures are ordi-
nary FM semiconductors. This indicates that the (111)
Ba2NiOsO6 and related 5d double-perovskite monolayers
may provide an interesting material platform for explor-
ing magnetic topological phases and phase transitions.
This work is thus expected to stimulate further experi-
mental and theoretical investigations on these interesting
materials.
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Appendix A: GGA+U+SOC calculations
The calculated spin, orbital, and total magnetic mo-
ments for Ni and Os atoms as well as band gap for bulk
Ba2NiOsO6 from GGA + U + SOC are listed in Table
III. Clearly, the Coulomb repulsion U on both atoms has
little effect on the calculated magnetic moments. How-
ever, the Coulomb repulsion U at Os site (UOs) plays
an essential role in opening the band gap, and the band
gap increases with UOs. The obtained band gap agrees
TABLE IV: Symmetry adapted Ni and Os basis functions of
the Oh point group at Γ for bulk Ba2NiOsO6. E denotes the
degeneracy of the band states.
Symmetry E Basis functions
Γ1+ (Γ1, A1g) 1 s
Γ3+ (Γ12, Eg) 2 x
2 − y2, 2z2 − x2 − y2
Γ4+ (Γ
′
15, T1g) 3 xy(x
2 − y2), yz(y2 − z2), zx(z2 − x2)
Γ5+ (Γ
′
25, T2g) 3 xy, yz, zx
Γ2− (Γ
′
2, A2u) 1 xyz
Γ4− (Γ15, T1u) 3 x, y, z
Γ5− (Γ25, T2u) 3 z(x
2 − y2), x(y2 − z2), y(z2 − x2)
TABLE V: Symmetry adapted Ni and Os basis functions of
the C3v point group at Γ for the (Ba2NiOsO6)1/(BaTiO3)10
superlattice. E denotes the degeneracy of the band states.
Symmetry E Basis functions
Γ1 (A1) 1 z; x
2 + y2; z2
Γ2 (A2) 1 Rz
Γ3 (E) 2 x, y; x
2 − y2, xy; xz, yz; Rx, Ry
well with published experimental value of 0.31 eV when
UOs ranging from 2.0 to 3.0 eV. Therefore, the effective
Coulomb repulsions UOs = 2.0 eV and UNi = 5.0 eV are
adopted in this paper.
Appendix B: Band structure of (111) Ba2NiOsO6
monolayer superlattice
The full band structure of the (111) Ba2NiOsO6 mono-
layer superlattice is displayed in Fig. 12(a) (with SOC)
and Fig. 12(b) (no SOC). The corresponding band struc-
ture with only the monolayer-dominated bands being dis-
played, is given in Figs. 4(b) and 5(b), respectively.
Appendix C: Symmetry analysis
Bulk Ba2NiOsO6 has the space group Fm3¯m with its
point group Oh having 48 symmetry operations. The
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TABLE VI: Dipole selection rules between the band states
of point group Oh at Γ. Relationships between the single
group and double group representations are: Γ+1 → Γ
+
6 ; Γ
+
3 →
Γ+5 ,Γ
+
8 ; Γ
+
4 → Γ
+
5 ,Γ
+
6 ,Γ
+
7 ,Γ
+
8 ; Γ
+
5 → Γ
+
6 ,Γ
+
7 ,Γ
+
8 ; Γ
−
2 → Γ
−
7 ;
Γ−4 → Γ
−
5 ,Γ
−
6 ,Γ
−
7 ,Γ
+
8 ; Γ
−
4 → Γ
−
5 ,Γ
−
6 ,Γ
−
7 ,Γ
+
8 . [69]
E ⊥ c & E ‖ c
Single group Γ1+ ←→ Γ4−
Γ3+ ←→ Γ4−,Γ5−
Γ4+ ←→ Γ1−,Γ3−,Γ4−,Γ5−
Γ5+ ←→ Γ2−,Γ3−,Γ4−,Γ5−
Γ2− ←→ Γ5+
Γ4− ←→ Γ1+,Γ3+,Γ4+,Γ5+
Γ5− ←→ Γ2+,Γ3+,Γ4+,Γ5+
Double group Γ1+ ←→ Γ4−
Γ3+ ←→ Γ4−,Γ5−
Γ4+ ←→ Γ1−,Γ3−,Γ4−,Γ5−
Γ5+ ←→ Γ2−,Γ3−,Γ4−,Γ5−
Γ2− ←→ Γ5+
Γ4− ←→ Γ1+,Γ3+,Γ4+,Γ5+
Γ5− ←→ Γ2+,Γ3+,Γ4+,Γ5+
TABLE VII: Dipole selection rules between the band states
of point group C3v at Γ. Relationships between the single
group and double group representations are: Γ1 → Γ5,Γ6;
Γ1 → Γ5,Γ6; Γ3 → Γ4,Γ5,Γ6.[69]
E ⊥ c E ‖ c
Single group Γ1 ←→ Γ3 Γ1 ←→ Γ1
Γ2 ←→ Γ3 Γ2 ←→ Γ2
Γ3 ←→ Γ1,Γ2,Γ3 Γ3 ←→ Γ3
double group Γ1 ←→ Γ3 Γ1 ←→ Γ1
Γ2 ←→ Γ3 Γ2 ←→ Γ2
Γ3 ←→ Γ1,Γ2,Γ3 Γ3 ←→ Γ3
site-symmetry point group for Ni and Os atoms is also
Oh. (111)(Ba2NiOsO6)1/(BaTiO3)10 monolayer super-
lattice, however, has the space group P3ml with its point
group C3v including six symmetry operations. The site-
symmetry point group for Ni and Os atoms is C3v. To
determine the symmetry of the band states at the cen-
ter (Γ-point) of the Brillouin zone (BZ), the symmetry
adapted basis functions, formed from the atomic orbitals
localized at the Ni and Os sites, are derived using the
projection method of group theory [68], as listed in Ta-
bles V and VI for the Oh and C3v point groups, respec-
tively. By comparing the calculated orbital characters
of the band states at the Γ-point with the symmetry-
adapted basis functions (Tables V and VI), one can de-
termine the symmetries of the Γ-point band states for
bulk Ba2NiOsO6 and its (Ba2NiOsO6)1/(BaTiO3)10 su-
perlattice, as shown in Figs. 4 and 5.
Given the known symmetries of the band states at a k-
point in the BZ, the possible direct inter-band transitions
can be worked out using the dipole selection rules. The
dipole selection rules for the Oh and C3v point groups[69]
are listed in Tables VI and VII, respectively. Using these
selection rules, we assign the prominent peaks in the op-
tical conductivity (Figs. 7, 8 and 9) of bulk Ba2NiOsO6
and its (Ba2NiOsO6)1/(BaTiO3)10 superlattice to the
principal inter-band transitions at the Γ point, as shown
in Figs. 4 and 5.
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